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STATIC MULTIPLE-LOAD MEASUREMENT TECHNIQUE AS UTILIZED IN THE 
NAVAL SURFACE WEAPONS CENTER'S WIND TUNNELS 

The purpose of this report is to document the techniques used at 
the Naval Surface Weapons Center in the measurement of static 
forces and moments on vehicle models in the wind tunnels. 
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INTRODUCTION 

One of the primary uses for wind tunnels is to be able to place 
scale models of vehicles into the tunnel in order to measure the 
aerodynamic loads on the vehicle.  This concept of testing small- 
scale vehicles has been done ever since the development of the first 
airplane.  Early systems utilized strain-gage beam balances mounted 
outside of both the model and the tunnel.  Later improvements in 
instrumentation made it possible to place a cantilever balance 
instrumented with strain gages inside the model. 

The primary vehicles tested at the Naval Surface Weapons Center, 
White Oak Laboratory (formerly the Naval Ordnance Laboratory), have 
been weapon configurations that had relatively small out-of-plane 
loads in comparison to those in the plane of the angle of attack. 
Consequently, it was possible to utilize a system whereby the 
interactions between the in-plane and out-of-plane loads were nulled 
by electrically shunting appropriate arms of the Wheatstone bridge 
circuits (Ref. (i)).  This is accomplished by loading the balance in 
one plane and then adjusting the resistances in the appropriate legs 
of the bridges in the gages of the orthogonal plane so that there is 
no indication of a load in this orthogonal plane.  This technique 
effectively eliminated all first-order interactions and proved to be 
quite accurate and acceptable. 

In recent years, with the introduction of re-entry vehicles and 
quite small tolerances on the measurement of in-plane and out-of-plane 
loads it became necessary to improve the accuracy of the load 
measurements.  The scheme chosen to do this was one that has been 
utilized for some time by other tunnel complexes where a wider 
variety of vehicle types have been tested (Refs. (2)-(5)).  The 

(1)Shantz, L, Gilbert, B..D.., White, C.E./'NOL Wind-Tunnel Internal 
Strain-Gage Balance System," NSWC/WOL, NAVORD Rpt. 2972, Sep 1953 

(2) Hansen, Raymond M., "Evaluation and Calibration of Wire-Strain- 
Gage Wind Tunnel Balances Under Load," AGARD Rpt. 13, Feb 1956 

(3) 
"Calibration and Evaluation of Multicomponent  Strain-Gage 
Balances,"  Prepared  for presentation to the NASA  Interlaboratory 
Force Measurements Group meeting held at JPL  16-17 Apr  1974 

(4) Smith, David L., "An Efficient Algorithm Using Matrix Methods to 
Solve Wind-Tunnel Force-Balance Equations," Langley Research 
Center, NASA TN D-6860, Aug 1972 

Hurlburt, R. T. and Berg, D. E., "A Non-Iterative Method of 
Reducing Wind Tunnel Moment Balance Data," Sandia Laboratories, 
Albuquerque, N. M., SC-RR-720665, Mar 1973 
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basic scheme reported on in Reference (4) has been modified and 
adapted to our needs. Basically this involves the use of second- 
order equations to fit for the interactions rather than the electrical 
nulling of only the first-order interactions. 

STRAIN-GAGE BALANCE 

Forces and moments can be measured by equating a change in 
strain at a point on a cantilever beam to the force and/or moment 
that caused ♦■he strain.  The ideal situation is to construct a 
balance so that the tension or compression in an individual section 
is sensitive to only one type of loading.  It is then possible to 
locate a strain gage on the surface of the balance and calibrate the 
change in resistance of the gage with respect to the load that 
caused it. 

Rather than use one gage it is better to utilize four gages 
arranged in a Wheatstone bridge circuit as shown in Figure 1. 

SIGNAL 
OUT 

-»■ U-V-J - 

FIG. 1 WHEATSTONE BRIDGE 

This design makes it possible to measure the absolute change in 
voltage, makes the output proportional to four times the output 
of one gage, helps to minimize temperature effects, and helps 
to isolate the load.  If the four gages in the bridge are 
located on a balance section so that the load causes the 
surface under gages 1 and 3 to be in tension (increase in gage 
resistance) and the surface under gages 2 and 4 to be in compression 
(decrease in gage resistance) signal lead A would be at a lower 
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potential and signal B at a higher potential.  By means of a cali- 
bration this change in potential can be equated to the load that 
caused it. 

In order to measure a force and the moment it causes about some 
point on the balance, it is necessary to measure the strain in the 
balance at two locations.  For instance, in Figure 2, if a force is 
applied at any point along the beanv it generates a moment which 
varies along the beam. 

  ■■' 
■ivy-t'x-tv:;*., ■ .'■*: i-x-xvXit:-; 

A ,J 
FIG. 2   CANTILEVER BEAM BALANCE 

The moments at gage sections one and two are equal to, 

M1 = F^ 

M2 * Tl2 

These moments can be measured with Wheatstone bridges located at 
sections one and two.  Assuming that these are measured, the 
moments can be added to get 

Ml + M2 = F(il + V (1) 

or they can be subtracted to get 

M1 - M2 = F(£1 - £2) (2) 
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Since, 

*-,- Ä = Ax = known distance between the gage sections, 

the equations can be written as 

Ml + M2 ' F(AX + 2i2) (3) 

M, - M2 « FAX    . (4) 

These can then be solved for the two unknowns, F and l0. 

M,   -  M 
F               AX 

M     ■»■ M2 

l2               2F 
AX 
2 

(5) 

(6) 

Knowing these, the force and its point of application, the moment 
about any point on the balance can be calculated. 

Utilizing the above concepts, it is possible to instrument the 
balance in both the pitch and yaw planes.  Since both planes are 
instrumented the same, only the pitch plane will be shown. There are 
two different wiring circuits in use at the White Oak Laboratory. 
In the first, the two-moment method, a forward balance section and 
an aft section are wired independently as shown in Figure 3.  By 
treating the fore and aft sections separately it is possible to 
minimize the effects of a temperature gradient along the balance. 
In this case it is necessary to add and subtract the moments 
measured at each section for use in Equations (5) and (6).  This is 
done in the data-reduction program. 

In the second wiring circuit, the force-moment method, the 
moments are added and subtracted electrically on the balance as is 
shown in Figure 4. This has the advantage in that the output signals 
are directly proportional to a force and a moment but has the dis- 
advantage in that a temperature gradient along the balance causes a 
change in the output that is hard to adjust or account for in a 
rational manner. 

Similar techniques are used to measure the roll moment and axial 
force, although the mechanical design of the gage mounting sections 
becomes more intricate. As shown in Figure 5, the roll section 
usually consists of a cruciform section, and the axial sectic ! of a 
series of thin webs. 

As mentioned earlier, the objective of the balance designer is 
to design gage sections that will respond to only one type of load 
with no interactions between loads.  If this could be accomplished, 
a large part of the rest of this report would not be necessary; but. 
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FORWARD PITCH 
BRIOGE SIGNAL 

AFT PITCH 
BRIDGE SIGNAL 

FORWARD PITCH 
BRIDGE SIGNAL 

AFT PITCH 
BRIDGE SIGNAL 

FIG. 3   TWO MOMENT PITCH GAGE SECTIONS 
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«TCH 
FORCE 
SIGNAL 

PITCH 
MOMENT 
SIGNAL 

PITCH 
FORCE 
SIGNAL 

PITCH 
MOMENT 
SIGNAL 

FIG. 4   FORCE-MOMENT PITCH GAGE SECTIONS 
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ROLL SECTION 
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SECTION AA 

AXIAL 

FORCE 
> 

AXIAL 
SIGNAL 

ROLL SIGNAL AXIAL SIGNAL 

FIG. 5   ROLL AND AXIAL SECTIONS 
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since there are always some interactions (although they are usually 
very small) it is necessary to account for them in the resolution of 
the loads being measured. 

GENERAL LOAD RESOLUTION TECHNIQUE 

The general scheme in using a strain-gage balance to measure 
aerodynamic loads consists of first loading the balance with known 
loads and then relating its response to these known loads through a 
set of calibration constants.  These constants can then be used to 
determine an unknown load applied to the balance by going through 
the inverse process.  Since there are six degrees of freedom in the 
model's system, it is necessary to jse a six-component balance to 
determine all of them.  These six loads are: 

F„ = normal force 

FY = yaw force 

My = pitching moment 

M = yawing moment 

M = rolling moment 

F. = axial force A 

The standard model axes and loads are shown in Figure 6. 

If the assumption is made that the variation of the balance out- 
put with load is only slightly nonlinear, then only second-order 
load effects need to be calibrated (this assumption is checked during 
each calibration).  All possible second-order load combinations are 
as follows: 

FN ^ 

Fy FNFy F2 rY 

^ ^"y F^Y ^ 

Mz F
N
M
Z FYMZ Vz *l 

Mx FNMX FYMX MYMX MzMx "x 

FA FNFA FYFA VA MZFA MXFA *l 
For bookkeeping purposes, the 27 load combinations have been assigned 
the following subscripts: 

10 
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AFN 

M,<J45 

^M 

FIG. 6  MODEL AXES 

11 
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Load Subscript 

FN 1 

FY 2 

«Y 3 

HZ 4 

\ 
5 

PA 6 

F2 7 

VY 8 

PNMY 9 

Vl 10 

Vx 11 

P F N A 12 

4 13 

F,X, 14 

Load Subscript 

Vz 15 

"V^ 16 

FYPA 
17 

•^ 
18 

■Vz 19 

Vx 20 

VA 21 

"^ 
22 

MZMX 23 

VA 24 

^ 
25 

VA 26 

pl 27 

The six output channels of the balance have been designated as, 

Channel Load Symbol 

1 FN 9i 

2 Fy e2 

3 "Y 93 

4 Mz 94 

5 "x 95 

6 F, e« 

According to the assumption that the highest order of non- 
linearity in the balance output is second order, the output of the 
ith channel can be represented as 

12 
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8i • ki,iFN + ki,2Fy + '•• + ki,i4FyMy + '•• + ki,27Fl (7> 

where k. .(i = 1,2,...6), (j ■ 1,2,...27) are balance coefficients 
to be determined in the calibration of the balance.  Equation (7) 
can thus be normalized by dividing both sides by k. . and then 

1,1 
expressing it as  follows. 

'V      =   Kifl
FN +  Ki,2FY +   •••   +   Ki,27Fl (8> u 

where . 

K.  = t—^ = normalized intei -:tion coefficient when i ^ j 

K. . = 1 when i = j 

M. = 1/k. . = i  component sensitivity 
i     1,1 

(L.)  = M,6. = uncorrected load on the i  component 

For the cose where i = 1, Equation (8) becomes 

^ =FN +K1,2FY+ '•• + K1,27FA   ' (9) 

Equation (9) can then be arranged as 

FN= (VU- 
(K1,2FY - ••• + K1,27FA)  • (10) 

Equation (8) consists of six equations similar to Equation (10) which 
present the true loads as a function of the uncorrected, indicated 
loads and all of the first- and second-order interactions.  These 
equations are: 

FN= «V  " (K1,2FY+ ••• + K1,27FA) (11) 

u 
2 

FY = (F )  - (K2 ^F  + K  3^ + ... + K2  FA) 
u 

(12) 

"Y^ (MY)  - (K3flFN+ ... + K3   FJ) (13) 
u 

MZ • (MZ)  ' (K4,1FN 
+ ••' + K4,27FI) (14) 

u 

"X- ^X^ - (K5,1FN
+ '•• + K5,27FA) (15) 

13 
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•V  - (K6,1FN + u 
+ K6,27FA) 

(16) 

The remaining problem is one of how to utilize these equations 
in order to obtain the true loads acting on a model during a test. 
Since all of the equations are coupled through the first- and second- 
order Interactions, an iterative approach has been utilized to 
solve them.  It is not absolutely necessary to use an iterative 
scheme (see Ref. (5)) but in order to handle a wide range of balances 
for which the relative magnitude of the nonlinear terms varies, it 
is the most accurate and quickest way of solving them. 

Matrix relationships were used in order to expedite the handling 
of Equations (11)-(16) by making the following definitions. 

Output 
channel 
matrix 

® - 

■"l" 
92 

«3 
94 
e5 

«6 

= [6,1 i = 1,2,...6 

Load 
matrix L = 

N 
FY 

Mz 

LFAJ 

= [L.] i = 1,2, . ..6 

Second order 
force and moment > P = 
product matrix 

N 
FNFY 
FNMY .L.L. i = 1,2,. . .6 

j ■ i,i+l,...6 

14 
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Sensitivity 
matrix 

First-order 
interaction 
coeff. matrix 

Second-order 
interaction 
coeff. matrix 

M  = 

0 

0 

0 

0 

0 

1 

K 

K 

K 

K 

K 

'1,1 

2,1 

3,1 

LK6,7 

2,2 

1,2 

3,2 

4,1  "4,2 
K 

K 

K 

3,3 

2,3 

4,3 

5,1  "5,2  "5,3 
K. .6,1  "6,2   6,3 

K, 

K K, 

K 

K K, 4,7   4,8   4,9 
K Kr 5,7  "5,8   5,9 
K K 

4,4 

5,5 

K, 

K 

K 

1 

K 

K 

K, 

3,4 

5,4 

6,4 

1,7   1,8   1,9   1,10 
K, 2,7   2,8   2,9   2,10 
K., 3,7  "3,8   3,9   3,10 
K 

K 
4,10 

5,10 

6,8   6,9  "6,10 

K 

4,5 

6,5 

0 

0 

0 

0 

0 

M 

K, 

6,6 

1,3  "1,4  "1,5  1,6 
K, 2,4  "2,5  2,6 

3,5  K3,6 

K 
'4,6 

5,6 

1,27 

2,27 

3,37 

4,27 

5,27 

6,27 

Equations (11)-(16) can then be written as. 

L = C.L + C-P u   1    2 
or 

M{U)   = C.L + C2P 

Now if C-P is subtracted from each side and then each side is 

premultiplied by the inverse of C, , Equation (18) bfjcomes, 

-1 -1, ^M®- C'1C2P = C^CjL = L 

or -1, L = C~ y®- C~ C2P 

Letting L  E u^p , the uncorrected loads which can always be 

calculated directly from the balance output channels, and 

(17) 

(18) 

(19) 

(20) 

15 
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M  =  C^1C2 

then 

L = C^1!^ - MP . (21) 

The values for cT and M are known from the balance calibration 

(see next section).  The values for L can be calculated from the 

balance output channel readings and, for the first approximation, 
P can be calculated 

the first iteration 

P can be calculated using the uncorrected loads, L ; therefore, for 

L1  = C^3Lu - MP       .              (22) 

where 
P  = (L.) (L.) i = 1,2,...6                   (23) 

u  ^ u j = i .. . 6 

For the second iteration use 

P = P. = (L.) (L.)                      (24) 
1 ^^ 1  :, 1 

and 

L2 = CllLu " MP1       ' (25) 

The n  iteration would then be 

Ln * CilLu - MPn-l     ' (26) 

These iterations should be continued until the differences in the 
interaction loads are equal to the resolution of the system, or 

|MP  . - MP  .15 |resolution I   . (27) 
n-i    n-z 

Generally the digital resolution of the recording system is expressed 
in counts, with one count being the smallest unit of resolution, and 
the sensitivity of the output channel, v.,   is expressed as load/ 
count.  In that case the resolution is equal to the sensitivity u.. 

The following limit has proven to be adequate to obtain accurate 
results: 

lMPn-l-MP„-2l "I"! (2e) 

Usually only two or three iterations are needed to obtain this limit. 

Some of the computer routines used to perform the work reported 
on in this report are enclosed in Appendices A, B and C.  Appendix C 
contains the data-reduction subroutines which are used to 
accomplish the above technique. 

16 
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BALANCE CALIBRATION 

The purpose of conducting a balance calibration is to measure the 
balance response to known loads in such a manner that the inverse 
procedure can be utilized to measure unknown loads as a function of 
the balance response to these loads. As mentioned earlier, a second- 
order, combinec' .oad calibration has always proved sufficient.  This 
type of calibration is performed by first determining the balance 
response to pure primary loads and then, to combinations of these 
loads.  This is accomplished by attaching a lightweight, rigid 
calibrating bar to the balance and then applying leads to the bar. 
The purpose of the bar is to provide a way of transferring loads to 
the balance in the same manner as they are transferred f^om the 
model to the balance.  Primary loads are applied one at a time and 
the balance response on all channels is recorded.  As an example, if 
pure normal forces are applied to the balance center by hanging 
weights, at the center, all of the loads other than normal force drop 
out of Eguations (11)-(16) and the remaining terms can be utilized 
to solve for the primary sensitivity of the balance to normal force. 

For n weights there are n sets of the following equations: 

FN = Vi - ^V = weight 

F
Y = ^292 " (K2,1FN + K2,7FN) = 0 

^ = ^3e3 " <K3,1FN + K3,7FN) = 0 

MZ = ^e4 " (K4,1FN + K4,7FN) = 0 

Mv = M,e, - (K, ,FK + K^ .FI) = 0 ■5"5 5,1 N    5,7 N' 

FA = ^6e6 - (K6,1FN + K6,7FN) = 0 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

Equation (29) can be solved by fitting the values of u, as a function 

of applied weight in order to determine P, and K. 7.  The results 

expressed on the other channels as a function of normal force are 
recorded and saved for later reduction.  Each of the other primary 
loads can be added individually and each primary sensitivity 
obtained in the same fashion.  Once the primary sensitivities are 
known, it is possible to go back and reduce the data recorded on 
the other balance channels.  For example. Equations (11)-(16) can 
now be fitted in order to obtain the remaining unknown coefficients, 
K. , and K. _ (i = 2 -•■ 6) .  After this has been accomplished, all of 
i,i     if/ 

the primary sensitivities and all of the first-order interaction 
coefficients are known. 

17 
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In the determination of the second-order interaction coefficients 
it is necessary to apply combined loads to the calibrating bar.  For 
example, if both a normal force and a yaw force are applied 
simultaneously, substitution of the loads into Equations (11)-(16) 
would glvre the following equations: 

FN " Vl " (K1,2FY + Klf7
FN + Kl,8FNFy + h.U^ (35) 

FY = »2*2  -   (K2,1FN + K2,7FN + K2,8FNFY + K2,13Fy) (36) 

0 = U393 - (K3 ^ + K3t2FY  + ^yl +  K3f8FNFY + K3 ^FJ)   (37) 
(38) 
(39) 

0 " Ve - (K6,1FN + K6,2FY + K6,7FN + K6,8FNFY + K6,13FY)   (40) 

Since the terms K. Q(i = 1 - 6) are the only unknown terms, they can 
1,0 

be easily solved for as follows: 

M. 6. - K. . F„ - K. 0FV - K. ,F^T - K. , ,F^ v -  i i    i»l N __  1,2 Y    1,7 N    1,13 Y , -,» K.j8 — ,41) 

for i = 1 - 6. 

In principle, only one combined load has to be loaded in order to 
solve for K. 0, but in order to minimize errors and to help check 1,0 
the assumption that second order is the highest order of nonlinearity, 
several are loaded and the series are fit to obtain K. 0(i = 1 - 6). 

1,0 
The remaining second-order coefficients are obtained in a similar 
fashion. 

In order to expedite the handling of the calibration data, the 
following definitions were made. 

90 .   = balance output 

L« .   = loads applied 
*., t, n 

where 

K.   0  = balance coefficients 
1 , X. 

I  = group number (1-27) the same as used to define the 
27-load configurations on page 12. 

i = output cham el number (1-6) 

n = sequential numerical order of the weights (1-15) 
t = type of load 

18 
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The correspondence between these values is as follows: 

load 

F 

py 

Type, 

1 

2 

3 

4 

5 

6 

LOAD TYPE 

Load Group Primary Secondary Coefficient 

1 1 Ki,i 
2 2 Ki,2 

3 Ki,3 

4 Ki,4 

5 Ki.5 

6 Ki,6 

7 1 Ki,7 

8 2 Ki,8 
9 3 Ki,9 

10 4 Ki,10 

11 5 Ki,ll 

12 6 *i.l2 
13 2 K. .- 1,13 

14 3 
1,14 

15 2 4 K. .c 1,15 

16 2 5 Ki,16 

17 2 6 K. ._ 1,17 

19 
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LOAD TYPE (Cont'd) 

Load Group Primary Secondary Coefficient 

18 3 Ki,18 

19 4 Ki,19 

20 5 Ki,20 

21 6 Ki,21 

22 4 Ki,22 

23 5 Ki,23 

24 6 Ki,24 

25 5 K. -c 1,25 

26 6 Ki,26 

27 6 *i,21 

The equations for the primary and first-order interaction co- 
efficients. Equations (29)-(34), can then be written as. 

eM,n Ai,lLi,l,n  + Bi,ILi,il,n (42) 

where for 4=1-6, 

i = 1 - 6 

I = 21 - (6 - i) (7 " £) + £ 

Ai,il ' Ki,^i 

Bi,i • Kiy\ 

For each of the six load setups Equation (42) can be fitted for the 
six channels and n data points in order to obtain the 72 values for 
A. „ and B. _.  For the six sets of A. „ and B. _. where i  =  i  the i,*     i,I i,l i,I 
values of u. can be found since for i = £, K. « = 1 and y. = 1/A. -. 

X Xf'v X X f ^ 

The first-order interactions can  then be calculated  from. 

Ki,£  =   MiAi,£ 

K.   T   =   M.B.    x 1,1        Mi   i,I 

(43) 

(44) 
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The equations for the second-order interactions. Equation (41), 
can be expressed as follows. 

2      „    2 
K   , 

Uie£/i>n " 
KiyA

L£#A>n " 
Ki>B

L£,B>n " 
Ki>C

L£>A,n " Ki/D
L£>B,n 

1,1 L£fA,nL£,B,n (45) 

for i = 1 - 6 and where 
£ A B 

8-12 1 £ - 6 

14-17 2 £ - 11 

19-21 3 £ - 15 

23,24 4 £ - 18 

26 5 £ - 20 

C = 21 - (6 - A)(7 ^ A) + A 

D = 21 - (6 - B)(7 ^ B) + B 

The main routines used in the balance calibration program have 
been listed in Appendix B. 

MODEL WEIGHT EFFECTS 

Since a combined load, second-order calibration is used to 
calibrate the balance and since this necessitates referencing all 
loads to a condition of zero load-zero balance reading,  the act of 
just placing a model on the balance will be indicated as a load in 
the balance readings.  With a six-component balance, these balance 
readings can be used to determine the model weight and center of 
gravity.  These values could then be used to calculate the balance 
load caused by the model as the model orientation is changed in the 
tunnel.  The subtraction of these loads from the loads measured 
during the run would then leave the desired aerodynamic load. 

The above scheme for accounting for model weight effects on the 
balance has several shortcomings.  First, it only accounts for 
static effects.  Dependent upon the model mass and pitch history, 
there may be significant dynamic loading effects that would have to 
be corrected for either experimentally or analytically.  Secondly, a 
six-component balance must be used.  If only a four-component balance 
is used and the model center of gravity is not on the balance axes, 
it is not possible to accurately compensate for model load effects. 
Another problem that arises in calculating model weight effects is 
that the balance mass also affects the readings.  If the effects of 
model mass on the balance readings are to be calculated as a function 
of model orientation, it is essential (in some cases) to account for 
both the model mass and the balance mass and their different centers 
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of gravity independently. Furthermore, the apparent balance mass 
that influences the gage readings is different for different gage 
sections. 

Another scheme for accounting for model and balance mass effects 
is to sweep the model through the same orientations that will be 
used in the data run.  During this sweep, record the balance output 
channels, reduce these data to loads as a function of model 
orientation, and then subtract these measured loads from the data 
acquired during the test.  The disadvantage in this technique arises 
if relatively large sting and balance deflections occur as a result 
of the aerodynamic loads.  If that occurs the mass effects may not 
be known for the same exact orientation that occurs during the test. 

Neither of the above schemes is ideal.  Dependent on the test 
parameters, such as balance mass/model mass, aerodynamic load/model 
weight, pitch angles, pitch rates, static deflections, etc., either 
of the techniques may be preferred.  If sting deflections are 
minimal, the technique of pitching the model and recording the mass 
effects is generally preferred at the White Oak Laboratory. 

TARE MEASUREMENTS 

Tare measurements are sample recordings of all test parameters 
made under a no-flow condition.  These recordings are made so that 
a zero reference point can be established for all instrumentation 
just prior to the acquisition of data.  This is done by recording a 
short sample of the balance data acquired at either a fixed pitch 
angle or during a sweep.  These readings are then compared to the 
readings acquired during the weight effects sweep for the same 
angular orientation.  The differences between the balance tare 
readings and the weight effect readings are then stored as balance 
offsets which are applied to all of the balance data recorded 
immediately after the tare. 

If any change in the balance output channels occurs due to 
thermal effects, it is quite important to obtain a new tare in order 
to update the balance reference reading. 

DATA REDUCTION 

In the data reduction each line of data (balance data recorded 
at one point in time) is reduced independently from the others. 
The first record of all balance channels and angular positions is 
read from the data tape.  These data are then adjusted by subtracting 
the balance offsets that were determined in the tare.  These adjusted 
readings are then reduced to loads through the iterative process 
described in the section on General Load Resolution Technique.  The 
aerodynamic loads are then found by first interpolating the weight 
loads in order to get the proper model effect at the same orientation 
for which the data were recorded and then subtracting the model load 
from the measured load. 
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Once the loads are known, it is possible to calculate how much 
the balance has been deflected by these loads.  The deflections are 
calculated from the information determined in the static angular 
calibration and added tc the measured orientation in order to 
determine the true orientation. 

These loads and orientations are then reduced to coefficient 
form in the desired axis system in a separate subroutine called 
COEFF.  Generally the coefficients are defined in the balance axes 
as follows: 

where 

-F. 
AFC = C  = a   QA 

F Y YFC = C  = ^ y   QA 

NFC = C = -
Fz 

N   QA 

RMC = C = 
Mx 

PMC = C  = 

a     QÄ7 

m  QA£ 

Mr 
YMC = C  = Z 

n   QA* 

Q = dynamic pressure (psi) 
2 A = reference area (inches ) 

Ä = reference length (inches) 

-Fv «P.« axial force (lb) X    A 

FY = yaw force (lb) 

-F„ = F„ = normal force (lb) 

M^ = roll moment (in-lb) 

My = pitch moment (in-lb) 

M„ = yaw moment (in-lb) 

The various axis systems and transformations are shown in Appendix 
A and the data-reduction subroutines are shown in Appendix C. 
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GENERAL COMMENTS 

The purpose of this report is to explain the concepts utilized 
at the White Oak Laboratory in making static force and moment 
measurements.  In the actual utilization of these techniques many 
problems arise that are rarely ever brought out in a general 
discussion, and unfortunately, it is these problems and how they 
are handled that determine the quality of the data obtained.  Some 
of these concerns, such as the accounting ior model mass effects 
and balance drifts, have been alluded to already. 

In general, there are four areas that must be examined and 
checked in order to obtain quality data. 

The first question is. What is the quality of flow? Parameters 
of concern here are the uniformity of the flow over the model during 
the test period.  These qualities are tunnel dependent and outside 
the scope of this report but are still of primary importance to the 
value of the data. 

The second area of concern is the establishment of reference 
conditions.  Included in these are the details involved in determin- 
ing the balance output with no aerodynamic load and in determining 
the calibration constants.  It is imperative that check loads 
(multiple combined loads) be placed on the model and/or balance and 
reduced in order to check the validity of the calibrations and the 
accuracy of pure static measurements without the complications of 
flow. 

The third area of concern is the establishment of the alignment 
of the model and balance with respect to the flow. Tnis is especially 
true for nonsymmetric models for which the normal force and pitching 
moment are not zero at zero degree angle of attack. With a 
symmetric model it is possible to move the model in the flow until 
the orientation is determined for which no aerodynamic force or 
moment exists.  This location establishes the point where the total 
angle of attack is zero.  Depending upon the accuracy desired and 
the facility in which the test is being conducted, it is sometimes 
necessary to utilize a symmetric model to establish these conditions 
as reference conditions for a nonsymmetric model.  For models which 
have a slight asymmetry, it is possible to test them at various roll 
angles (for example, 0, i90, 180 degrees) in order to find the 
orientation of the model wi^-h resptct to the flow. 

The fourth area that must be analyzed carefully is not always 
present but certainly must be reckoned with in some small hot 
facilities. This is the problem of how to handle balance drifts and 
shifts which are usually caused by thermal gradients across the 
balance sections.  If it is not possible to insulate or cool the 
balance it is usually necessary to limit the duration in which the 
model is exposed to the hot flow.  This may mean that it is necessary 
to obtain data for just a few fixed angles rather than to leave the 
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model in the flow and sweep through a large range of angles.  If a 
test is being conducted by sweeping the model through large angles of 
attack, the thermal effects are angle dependent and may not be 
evident to the project engineer unless multiple sweeps are made and 
the data are compared.  It is possible for the thermal effects to 
follow the angle of attack closely enough so that the differences 
between tares conducted before and after the run are very small but 
yet the effect on the data at high angles may be quite large. 

The ideal way to eliminate the above-mentioned problems would be 
to improve the design of the balances and tunnels, but since this is 
not always financially possible, the project engineer must resort 
to procedural changes in the manner in which the test is conducted. 
This may mean that additional flow alignment runs are necessary, or 
that sweeps may not be possible, or that additional tares may have 
to be taken.  All of these things must be considered in the initial 
design of the test program. 
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APPENDIX A 

AXIS TRANSFORMATIONS 

Within the daca-reduction process there are a number of axis 
systems which are used. The tunnel axes are considered to be the 
reference axes.  These axes may be defined slightly different in 
each of the tunnels but in general both the X and Y axes are 

defined to be in a horizontal plane (established with a precision 
level) with the X- axis pointing into the flow and the vertical axis, 

Z , pointing down.  All angular rotations of the sting are defined 

with respect to the tunnel axes through the angles 6, ip, and 4», 
and generally, in that order.  Since the tunnel axes are somewhat 
arbitrary, the matter of real importance is the location of the 
sting with respect to the wind vector.  The small angles A0 and 

AiJ; are used to define the tunnel axes with respect to the wind axes 

(See Fig. A-l). 

The transformation matrix to go from the wind axes to the 
tunnel axes in the order of pitch, yaw, and roll is called [^yml• 

tw • 
sinAÖ 

\: 

W cosAi|;  cosAO sinAij^ 

-sinAij; cosAÖ cosA^ 

-cosA^wsinAew 

sinA^wsinAew 

cos AS 
W 

where the order is AS W W w A4) W* 

The transformation matrix to go from the tunnel axes to the 
sting axes is called [^TS1- 

^TS1   = 

cos^cosö simi' 

-cosftisin^cose + sin^sinS      COS4)COS<|J 

sin(t>sin^cos6 + cos^sinö     -sin^cos^ 

-cosij'sine 

cos<(isin^sinf + sin<t>cos6 

-sin^sinii'sine + cos^cosO 

where the order is 6 •*■$•*$, 

If a dogleg sting is used or if the first rotation is in the yaw 
plane, a different transformation matrix must be used to go from the 
tunnel axes to the sting axes.  The sting orientation would be as 
shown in Figure A-2.  The transformation matrix would then be. 
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fW - 
" cos6cosi(< 

-cos(J)sini|i  + sin0sin6cosi|; 

sin4>sin^ + cos^sinöcosi^ 

where the order is  il' -'■ 6 -► <|>. 

cos6sini// -sine 

cos(t)COSi|/ ♦ sin(t>sin6sinij; sin^cosö 

-sin(|)cosi|; + coscjisinBsin^        cos6cos4> . 

The variation in the balance orientation with respect to the 
sting is due to the deflection of the balance and sting due to the 
loads.  These deflections are defined as 6, y,   and e (see Fig. A-3) 
The transformation matrix is 

[iSB] [■ 
cosycoiö 

-cosesinycosö + sin£sin6 

sinesinvcrsö + cosesinö 

where the order is  6  -► y "•■ e • 

'W- 
siny -cosysinö 

n6   cosecosy cosEsinysinö + sinecos6 

n6  -sinecosy -sinesinysinö + COSECOSö 

If the model  is rolled with respect to  the balance  through an 
angle,   4>„,   the  transformation matrix is   [*■„„]    (see Fig.  A-3). n on 

fW - 
0 

COS^I 

-sin(j> 

0 

sin<j> 

COS(|> 

When the model moment reference center is not located at the 
balance center, it is necessary to translate the balance moments. 
The distances along the rotated axes are called DXMC, DYMC, and 
DZMC and are positive if the moment reference center is located 
forward, right, or down from the balance center (see Fig. A-4). 
The moments referenced to the model moment reference center are 
calculated as follows. 

V V DXMC 

«YC 
S My. + DYMC 

> V DZMC 

-F N 

-F' 

N 

-'k 
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FIG. Al   TUNNEL. STING, AND WIND AXES 
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/\ 

V   VT> 

FIG. A-2   TUNNE L AND STING AXES FOR A YAW. PITCH, ROLL SEQUENCE 
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FIG. A-3  STING, BALANCE. AND MODEL AXES 
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^-©OX'B 

*y Y 
MODEL MOMENT 
REFERENCE CENTER 

FIG. A4  RELATIONSHIP BETWEEN BALANCE CENTER AND MODEL MOMENT 
REFERENCE CENTER 
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APPENDIX B 

BALANCE CALIBRATION PROGRAM 
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BALANCE CALIBRATION PROGRAM 
APPENDIX B 

PNOGPÄM   P*LC»L(lNHJT=*-<nüliTRjr        =«,* t T AHti>=INHÜl tTftPfcft«OUTPbT ) 

THIS   PR06HAK   IS   USEI")   TO   KKCUCE   HALAKCC   CMLIHKAIION   LOAPIMÜb 

THE FOLLOKlNC 
HAL * N 
MC = NL 
ITYPE « 

OATE = 
ENG * F 
OAHE = 
SETSCAL 
IS A HF 
VALUES 
AND CHA 
OFF = 1 
SCALE = 
MT S VA 
h = OAR 
L = LCA 
¥ - CHA 
M = LOA 
LS » 11 
=   «iS 

IKPUT 
AHF. OF 
M«FK C 

1 INC 
? IK 

DATF C 
NGINEE 
DATA A 
■ NO* 
DUCTK 
FOK Cl- 
NNEL 3 
NITIAL 
SFNS1 

LUFS C 
F CHAN 
0 TYPE 
NNEL K 
0 MMB 

AT   FK 
AT    .N 

S   Akt   DF 
HALAKCF 

K   HALANC 
KATES   A 
UICATtS 
AL IHHAJI 
h   PEKFtiB 
CGÜISITI 
INAL   MV 
N   OF   A   f 
ANMFl    1 

VIIST   VA 
fiFAOING 

TW1TY   S 
F   LOAI^ 
NEL   KF/ii: 

UVHEW 

I)   OF   INC 
U   OF   CAL 

FINEl»   Ab. 

E   CC^H)NF.Mi) 
^OKtNT   PALAMO 

A   FCHCE-VCwlNT    HALANCt 
OK    *AS   Pt^FCwf'tn 
KING   CALIHHAI ION 
ON   SYSTF>   OStL' 
FCI L   SCALE   StK,SlTlVITY....KnTt   IF   THlb 
OVENT   HALAKCt»    ITYPt:   =   If   Tl-fc   SETSCAL 
MUST   FüliAL   IHK   VALUES   FCI*  CHANNEL   2 
TCH   ChANNtL   <». 
S   OF   ALL   ChANMcLb   «ITH   NO   I OAO 
ETTIKPS   AT   «(HICH   lOAUS   HFKE   MtAbUHKÜ 
HING    (Ln   CH   IN-Lb) 
IKGS    (COUNTS) 

IVIIUAL   LCAIJlNfa 
1HKATION 

bETLH 

DO   P   N«lfft 
P   OFF msTHCKmsCEL nMJs^H^SfcMd'MsU.O 

DC   S   L=l»27 
NN(L)=ü 
DO   ^   M=l»f 
A(HtL)=0.0 
SCALE(MtL)=U.O 
BC(^»L)=0.O 
DO   9   N=1.10 

9   WT(L«*»N)=0. 

ALL   CALIH^ATION   OATA   ARE   hf AV   IfJ   MtKE 

10 

«00? 
20 
30 

3b 
40 

"AL.VCtllYHE 
CATF 
ENG 
DARt 
CUftTHM, (SFTSCALC*) **■ 

REAUCS.eOO?) 
REAO(?.eO(l?) 
REAÜ(b.t?O0?) 
RFAÜ(S*PÜU?) 
READ (S »POOS)   CUftTliM, (SETSCALC"1) «^sJ «b) 
FORMAT (gAUUTStTb) 
HF AD (S.MOOS)    I. .1 IJ»»» (OFF (f«) .K = J .h) 
RFAD(h.HOOc<)    I,   Dl.w, (SC«LF (► »I ) »C« 1 »b) 
00   35   H=1.MC 
OFF(H)=CFF(M)«SCALF (M.L)/SF 1SC«L (V) 
REAU(S.eOCS)   L«Nt(>»T(l if »N) »^»l »fr ) »LS 

PAL001Ü0 

DIMENSION   wT(27.t.»10)»a(h.im»H(f.,<'7),,iC(t»«n»X(in),Y(iü)»AN(i-)t 
lPPMSEN(f) »OFF (h) ,W(i(i'7.t»10) »SCALE (t»«-?) »h(«7»ft»Hi) »TDLE (i?7) » 
1FL(6) »PL(36) «CIL (t) «C?P(»i) »ThCf (^ ) .Lt 1, T (b) »NN (? 7 ) »SFTbCAL (6) 
DIMENSION   PAL (2) »CATE («?) »FNKif) 
HEAL   NH(b) 
DATA   TITLE/?HFN«2(-FY»XHVY.trH'/.f:l-KX»^h(-A.^MFwFN.^HFNF Yt^HFNMY» 

14HFN»'7»4HFM'X»4FFNFA»'*hFYPY.'VhFr»'Y»«HF YMZ.4KFYfJ<»4HFYFÄ»4HMY>'Y» 
l4HMYI«'Z»4H>'Yl*X»4hMYFA»4HK2v/,4hM7VX»4h^/FA«4FMXMX»«nV»FA»4HFAFA/ 

ARRAYS   ARE    IMTIALUtO 

PALÜU11Ü 

PALUOlbU 
PALOOlbO 
PALUOl/U 
«ALüOläO 
HALüÜlSU 
HALUÜ200 

BALOOi'dO 
BALüOi;4u 
PALoOirbü 
HALuO^hU 

HALÜ0?7U 
PALOUi-Hü 
HALUO^SO 
PALü03(IO 
RjALUUJIO 
HALU0J<;ü 

RAL0034U 
RALüOJbO 

HALUU39U 
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APPENDIX 8 (CONT.) 
8005   FCHI*AT(?Ic,f.F10.0.I2) 

* LS   =   11   »T   EKO  OF   iNCIVirUAL   LCAUlNb   btltHS 
LS   »   <}?   »T   E^ü  OF   CALIH   CA1A 

50   REAOCJtOOOB)   Lt^«(h(L•KtN) tVsl«6) «LS 

READINGS   ARE   NO*   ACJLSTED   Fü^   FHO^Eh   SCALE   StTIlNGb 

52   DO   55   Msl.MC 
hH(M)aH(L»*,N) 
NH(I')=NH(I') 

55   CONTINUE 
♦SCALE (K.D/SEISCMLIM) 

KOfENT   GAGE   fiFAOINGS   «•«£   ACJl-STED   FCh   OTlLI/ATIÜf   AS   FOHtE 
AND   "OPEKT   GASES   IF   NECESSARY.   AM)   Al."JUSTKENTS   AhE   MADF   FÜK   OFFSETS 

60 

IF(ITYPE.FO.l)   PO   TO   no 
GO   TO   h2 
Rr(L»l»N)=NH(2)-üFF(2)-(Nt-(l)-lJFF (1) ) 
RD(L»2»N)=NHU)-0FF (* ) - (Nt-(3 )-ÜFF (3) ) 
Rn(Lt3»N)aNlH(l)-0FF(l)*NH(2)-{i*--F(£) 
RD(L»A.N)sNH(?)-OFF(3)»NH(A)-OFF Ct) 
RO(L«6»N)»NH(5)-OFF(S) 
Rü(L»6»N)=NH(6)-0FF((.) 
GO   TC   70 
DO   65   M=I,HC 
RD(L»»'tN)=N1H(»»)-OFF (M) 
NN(L)=N 
IF (LS.tt.ll)      GC   10   Z») 
IF (LS.Eö.S«*)      GC   TO   PO 
GO   TC   40 

SOLUTION   FOR   fRIfAf-Y   SENSITIVITIES.   F IhbT   OKOEfi 
ANO   SECOND   OfiOFP   LCAC   SU'JAREr   IN'TEWACHONS 

65 
70 

INTEWACTIUNS. 

<J0 

PO CONTINUE 
GO TC <»00 
CüMINUE 
DO 200 L=1.MC 
DO 1<50 I = 1.MC 
NO=NN(L) 
IF (NO.EO.O)  GO TC 200 
DO 150 Nsl.NC 
X(N)"liT(L*L«N) 
Y(N)=WO(L.I.N) 

150 CONTINUE 

ECUATICN   YsA(l)*X*A(?)«X»»> 

CALL FIT1 (NO.x.Y.ANi) 

Ad.DsANd) 
Il=21-(<6-L)«t7-L)/2)*L 
H(I.II)sAN(2) 

190 CONTINUE 
200 CONTINUE 

PRIMARY SENSITIVITIES 

BALU041U 
PALÜ042Ü 

PALU0A40 
PALUUA70 
HALUU<»t>0 

PAL0Ü4SÜ 
hALUObÜÜ 

HALüüb2U 

DO   210   Isl.MC 
8C(I.I)=1. 

HALuObSO 
^ALUOh>y<i 
•-ALOObSt 
HALüObüO 
HALUOhlO 
FALOOhiru 
PAL00t)3u 
PALU06<»U 
^ALuOhSO 
HALIIObb^ 
HAL0063A 
BALOOfeOU 
PALuOb7ü 
PALUO^HO 
«ALUObSÜ 
PAL00700 
PALU0710 
PALUO^U 
PALU073U 
PAL007AU 
PALUU7bO 
PALUO/bÜ 
PALÜ0770 
PAL0()7b0 
HALuUHu 
»-ALOOfcOO 
RALUOhlü 
lALOUHifO 
PALUOeJO 
HALUObÜÜ 
RALOOHbU 
»ALUOHbO 
M«LOOH/0 
PALU0B8U 
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APPENDIX B (CONT.) 
Ir (Xltl) .EQ.O.C)  GO TC ? 10 HÄL00HVU 
PRMSEK(I)sl./A(ItI) RALUOSOO 

210 CONTINUE PALUO^lO 

• FIPST CRflFfi IIMTEPACIIOKS PALOOVJO 
• BAL0U940 

00 230 L=1»MC RALÜÜ9SÜ 
DO 22S IsltHC HALÜ0960 
IF(I.EU.L) GC TC 227 8ALU0V7Ü 
BC{I»L)=PfiMSFK(!)•*(I.L) BALÜOVdO 

• BALUU99b 
• SECOND OROFK LCAO S'JU^FC INTEbACTIUNS MALÜlOüÜ 
• FALOlÜlÜ 
227   II=21-((6-L)«(7-L)/?)*L PALÜ1U20 

PC(I»11)=PRMSFN(1)«H(1. 11) HALÜ1Ü3Ü 
229 CONTINUE BAL0104Ü 
230 CONTINUE HALblObU 

PALU1U6Ü 
• SOLUTION OF PFMAININi: SECOND OKDtH iNftrtACTIONS PALÜ107Ü 

PALÜlüeü 
00 300 L=P«2^ RALU109U 
NC-NN(L) PALU11UÜ 
IF(NO.LÜ.O)  GO TC 300 HALOIllU 
IF (L.GE.e.ANO.L.LF.l?) 2J*,'c3J PALülUü 

235 LA=1 «ALÜ113Ü 
LR=L-e PALÜU4Ü 
GO TC 27U PALOllbO 

237 IF(L.F0.13) 300*2:41 PALUllbO 
241 IF(L.C-fc.l4.ANn.L.l.F.17) 2*3*24b hALUli/Ü 
243 LAs2 «ALUUHO 

LP=L-ll HALüUSü 
GO TO 270 PAL012Ü0 

245 IFCL.KO.IS) 300*247 HAL0121U 
247 IF(L.Gt .l«;.ANn.L.LF,21) 249.251 HALülÜÜ 
249 LA=3 HALÜ12J0 

Lt<=L-15 PALU124Ü 
GO 10 ^70 «iALü^bO 

251 IF(L.FÜ.22) 300.253 PALÜ126Ü 
253 IF (L.C-F .23.ANn.L.LF.24) 2b!3.2b7 PALÜ1270 
255 LA=4 PALül2eO 

LM=L-lri PALÜ129Ü 
GO TC 270 PALblJUO 

257 IF(L.E0.2?) 300,259 PALÜ1310 
259 LA=5 PALÜ1J2Ü 

LH=L-20 PAL01J30 
PALÜ134Ü 

270 LC=21-((6-LA)«(7-LA)/2)*LA SALÜ135U 
LI)s2J-( (6-LH)«(7-LP)/2)*LH 8ALUl3ftü 
DO 290 1=1.MC BALUlSVü 
DO 280 N=1.NC BALul3d0 
V(N)sPPMSFN(I)»RI)(L.I»N)-HC(I. I A)«i»T (L.LA.N )-PC (1 .Lb) »KT t L »Lb »N )-P ALOl 390 

1 PC(I.LC)«i»T(L.LA.N)»«?-MC(I.lO)«k f (L.LHfN)«*2 BALU14Ü0 
280 X(N)-=»iT(L»LA»N)«wT (L.I H.N) PALüMIO 

• RALOl^ÜÜ 
CALL FIT2(N0.X.>,AN) PALul43ü 

RALU144Ü 
Y=A(1)»X RALül*5ü 

PALUl4bÜ 
HALÜ1470 
HALbl*tl0 
RALÜ1490 

ANC MFAniMS l ISTEi: PAL01500 
^ALül502 
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to 

ECUATICN 

290 8C(1.L)=AN(1) 
300 CONTINUE 

* CALIMRATION   LOAOS 
60   TC   552 
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APPENDIX BtOONT.) 
PALUlälU 

400   KMlTECfet^OOl) P*L0lbi;0 
9001   FOHC*! (lhl.53X*KAWAL   ^UhFAC-    »FAHCtsS   CtNUW«//'WX«Whnt   ÜAK   LAbO^AHALUlbJO 

ITOHY«) HALUlb<»Ü 
WHITE (b.^OOi") MAL.FNG ^ALülSsO 

900? F0WMAT(/4>»HALAhCF  •?» 10« niX«b i^C-INtfcH  «ilAlU) HALUlSbÜ 
■ KilTE (6*9003) UATFtUAHF 

9003 FOHMAT(*X«CALIHfiAlIüN 'iATF  »i-Alü .bfeX*OAKt  »üAlO) 
• fiITE(ht90*0) SFTSCAL 

9040 FC»KAT(/5«X«»'V FULL SCALE SE TT ING5*fc »F 1 U.^) / ) 
I»NITF. (6*9004) (T1TLF (L) .L = l t*:) , (TITLF (L).L = ltfc) PALÜlbSO 

9004 FCHMAT(/* L N«b (8xA2) t^X »MHX A<i) ) HALOlfrUO 
HUTE (h.90()5) PALOlbiU 

90ns FCWMAT (10X,6(^X«LCAn*) .5X.f.(7X«HH;«) ) HALÜlb20 
BALülbJO 

DO 500 L»1.27 PALUlb4ü 
N(;=KML) PALUlbbO 
IF(NO.fcO.Ü)  f=Ü TC M»fi HALUlbbÜ 
00 499 h=l.NC HALülb70 
llih^E(6.90 0^) L«N»«*»T<L»H»K)»»«=l»f)»lKli(L»M»N>«K«J»H HALulhbl) 

9006 FCRI'AT(/2I4.*X,6F)0.4.3X.»>Flü.l) FiAI.Olb^O 
499 CONTINUE ««L017UÜ 
500 CONTINUE PALU1710 

WW1TE(6.9001) 
»PITt (6.90(1?)      HAL.FNT, 
»PITE (b.90(13)      rATt.UftKE 
l»wITE{6»9007» (TITLE (L)«L«l.t) »(L.LsltP) R^LUW-.O 

9007 FnHl»AT(/* L N«6 (HXA?» .bX.H (HX »•"• 1 1) ) HAL0175U 
DO 550 L=l.?7 PAL"17^0 
NC=NN(L) HALU1//0 
IF (NC.FU.O) HO IC b^ti PAL017äÜ 
KWITE (6.9040)    (?C4lF C.L) .   K = l.f«r) 

HAL01 ^0 
L.N.(«iT(L.»'«N).f«=l^).(H(L.K.N).f|l=l.b) HALUlbOO 

bALUlbiO 
PALOlf^U 
PALUldJo 
PALultiJ7 
PALülWJ^ 

»      CALIPHATION   CONSTAMb   LlSTEU PALOlbiU 
HALulttbO 

MRITE(h.SOOl) 
iiHlTF(b«9flO?)      FAL.FN(- 
WwITE (h.900J)      rATF.OA'JL 
hMTF (6.9C0H) feALOlbbU 

9rCP   FOHPAT(/      .13X»CALl«WATlCf    SVSTF^    VALUFS*JOX«NOhh«| T/tu    INTkHACfIC 
lN»/74x«CCFFFICItMS») 
KrtITt(b»90O9)(NK.KH'l.f) hALulrtVU 

9009   FCKf'AT (/I IX^MCrHEM'^X^HAHt-    iCAl.F«c6X.61 Itf) 
liPITE(6.9C10)(TlTLF(M<).Nf = l.fc) BAL01«Jl(j 

«010   FOWMAl (i?X«GAGF«5X«(f V-FUl L   SC ALE ) •««'X ,t> (1 OX*^ ) / ) 
ÜC    310   NKsl^ PALUl^JU 
hMlTE(b.9011)    NK.SKTSrAL (Nr ) .ivH . f I 1 LL (KK ) . (HC (1 .N* ) . 1 = 1 .6 ) RA 

9011   FOrtHAT (l4X.Il.JXcF'.?,l/X.Ill.Htt?.J».tJtl<;.b) 
310   CONTINUE MALUl^bü 

DO   315   NKs7.in HAL019/II 
l«PITE(h.9017)NK.1ITLk(M<).(trC(I.NK).I = l.b) HALOlShO 

9017   F0RF'AT(b2X.I?.lX.A-».lX.»:Mf:.S) PALÜlS^O 
315   CONTINUE PALO^OüU 

WMTE (b»9t)?l)    (RC(I »ID .I = l.b) PALU?010 
90?1   FOHCAK^X. «Phlft   SFNSIT1VII Itb«^lX*U   FN^X• lx .*t l£!.b) 

WHIIP (b.90rV)    (FCd.i?) .1 = 1.6) PALü?üJü 

B-5 

00 549 N=l,Nll 
hhlTF(6.9006) 

549 CONTINUE 
550 CCNTIMIE 

GO TC 90 
? CONTINUE 
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APPENDIX B (OONT.) 
9022 FORMT (lOX* (LP   CK   IN-LH   PtH   CUüM ) MQXMi»   F^^:*•l A.6F1Z.S) 

KHlTt(6.90P3)    (PC(Itl3)*I=1«6) 
9023 FORMAT (52>l»13   F>FV«1X.6F 12.5 ) 

DO   330   NKsl.6 
NZ»KiU13 
UNITE(6*9024) 

9024 
330 

9030 
340 

TITLF(NK)«PCMSKK(NK)«NZ«IITLF(N2)*(HC(1«N/)*I«l»6) 
F0R»'AT(12)i«A2*5JitE12.5*21X>I2«lX*4tlX*etl<;.ä> 
CCNTlNUt 
00   340   KK = «e0.27 
UNITE (6<9030)    KK «T I TLF (KK ) « (HC(I*KK)«l = l*t>) 
F0PHAT(S2X«I2«lX«*4«l>i«t:bl2.S) 
CONTIKUE 

PALÜ2US0 
PALu2U(iU 
PALÜ?070 
HALU20bO 
RALÜ2U90 
PALÜ21Ü0 
HALU2:10 
PALÜ2UÜ 
PALUÜ130 
PALU214Ü 
BAL021äU 
OALOÜlfef 
RALÜ2170 
RALOi'löO 

•     CALIBRATION   CHECK 

MPITE(6«9001) 
UNITE (fi«9002)      PAL*FNP 
MPITE(b*9003)      rATF.DAht 
HRITE(6.9C'48) PAL0219Ü 

903»   FORMATU      »60 X«C AL IHHAT 11^   ChfcCK«// PAL0Ü200 
134X*APPLIE(i   taEIGHTS»34X«JIFFtheNCE   PETi»EfcN   LOAD   RfcAOINb  ANO   CALCUL 
2ATED«/84X«HFACUb.   K(frX£7)   X   L(27*l)    IN   COUNTS»» 

liHlTE(6*9041>    SET5CAL 
9041   F()RMAT(/59X««I'V-FLI.L   SC ALM «h (F 1Ü .i ) ) 

liNITE(b»90n4)    (TITLF(L) »L = lf6) . (TITLfc (L) »Lsl♦^) PALÜ2230 
WRITE (t>.9005) PALüf'ZHQ 
DP   1000   L=l.?7 HALü^bü 
Kr=NN(L) HAL0?2b0 
IF(NC.EG.O)  GO TC 1000 HALU2Z7Ü 
DO 99S K=l.NO PALU2?Ö0 
LL=b HALU229Ü 
DO 530 1=1.6 PALU23Ü0 

530   FL (DsuT (L.I.N) BALU231U 
DO S40 1=1.6 RAL02315 
DO &4U j=1.6 PALü?320 
LL=LL*1 PAL0Z3JÜ 

540 PL(LL)=FL(I)«FL(J) HALu^3*Ü 
ÜC 560 1=1.6 PALU?3bü 
C?P(I)=0. RALü23b5 

560 C1L(I)=0. PAL0?36U 
00 600 J=1.6 PALüi?37ü 
DO 600 1=1.6 PAL02380 

600 C1L(J)=BC(J.I)«FL(I)*C1L(J) RALu<;390 
00 700 J=1.6 RALO?<»ÜÜ 
DC 700 1=7.27 PALÜ2410 

700   C2P(u)=C2F(J)*MC (v,.I)«HL(I) HAL024ZÜ 
DO «00 J=1.6 PALU?*30 
IF(RBfStK(J) .FQ.O.B)      GC   TO   öUÜ HALü<?440 
THCK(J) = (C1L (u)*C?P(J) )/Pf»'SEN(J) PALu?*bü 
DtLT (J)=wr (L.k;.N)-THCK(u) PAL02460 

800 CONTINUE PALi;«;470 
WPITE (6»9006) L.N. (WT(L.M.N) .l> = l»t) »(L<f LT(J) .j=l»6) HALü2»«U 

999 CONTINUE PALO?*"»0 
1000 CONTINUE PAL0<>5ÜU 

END PALU2510 
SUBRCLTINF FITl (NFT»XX«Y»AM PALu^bZü 
DIMENSION XX (10) *Y (10) .ANliP)-««(b) .AC^.IÜ) .A(26*3) HALUt'bJu 
t^TEPNAL VFl PALüüb40 
N(l)=2 HALüi»550 
N(2)=NPT PAL0P56Ü 
N(3)=? PALüZb/O 
N(4)=2 PALUZbfcO 

B-6 
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APPENDIX B (CONT.) 

DO   10   1*1*2 
A(I*3>«I 

10   A< ltl)=0, 

DO   20   L=1.NPT 
X(1«L>-XX(L) 
X(2tL)*Y(L) 

20   X(3*L)sl. 

DELl=1.0E-ft 
CALL   LSOSLR(K.Xirt»VFlfnELT) 
DO   30   1=1.2 
AN(I)sA(I*l) 

30   CONTINUE 
HETURN 

END 
SUBHCLTINE   VF1(N«X«OFtA) 
DIMENSION   DF(1) «X(l) «Ad) «K(l) 

•     EOLATION YsAd )X*A(2)X»«2 

10 

20 

DF (1>=X(1) 
OF(2)=X(1)»«2 
X(9)=A'l)« )F(I)*A(2)*nF(2) 
RETURN 

FND 
SUbROLTINE   FIT2(NPT.XX»Y«AN) 
DIMENSION   XX(10)«Y(I0)«AN(l)«N(S)tX(S»tl0)«A(2b<3) 
EXTERNAL   VF2 
N<1)=1 
N(2)=NPT 
N(3)=2 
N(4)=2 
m<r>)=0 
A(lt3)=l . 
A(1»1)«0.0 
00   20   L=1«NPT 
X(IIL)=XX(L ) 
X(2.L)=Y (L) 
X(3.L)=1. 
ÜtLT=1.0E-ft 
CALL   LSCSLH(N.X»AtVK2.0ELT) 
AN(l)sA(l.l) 
RETURN 
END 

SUBROUTINE VF2(N«X«DF* A) 
DIMENSION OF(l).X(l).A(l).N(l) 

•  EULATION YsAX 

DF (1)=X(1) 
X(9)«A(1)«ÜF(1) 
NF TURN 
END 

PAL02S,iO 
RALÜ2buO 
BALÜ26IÜ 
HAL02620 
PALU2630 
BALU2fa<»U 
PALU2bS0 
HALÜ2660 
HALü2»>70 
PAL026eo 
HALU26SIU 
HAL02700 
PALU2/10 
PALU2720 
PALÜ2730 
eALu274ü 
PALO?7b0 
BAL0276Ü 
PALü27^Ü 
PAL02780 
PALu<'7VÜ 
PALÜ?bÜÜ 
PALÜ2H10 
PAL02e20 
PAL02H'iO 
PAI.02H4U 
PAL02HSO 
PAL U28M 
PAL02M/Ü 
PALÜ2HÖ0 
eALOPfJU 
HALUi-yuO 
PALÜ2SI10 
H*LU2S<;ü 
PALÜi'SSU 
PAL0294C 
PALü29bC 
PALü2Sbü 
PALÜ2970 
BALü29t<ü 
PALO^^^U 
PALUJOOü 
«ALUJÜlü 
PALÜ-102Ü 
BALU3U3U 
RALü:Iü<»O 
PALUJÜbÜ 
PALU3060 
BALÜ3O70 
PALÜ30bC 
HALÜ30SÜ 
PAL0J1U0 
PALÜ3110 
FML03120 
PBLÜ3130 
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DATA-REDUCTION  SUBROUTINES 

C-l 
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C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

30 

40 

50 
«•• 

DATA REDUCTION SUBROUTINES 
APfENOIX C 

SUHKCUIINF   BALHMjrMMTS.H^.ClItCUC*) 

PUHHOSE 
CALCUL/»Tt THI- INVfcNSE fAIKU CF IHt NOKHALUEO IST 
OBÜFR INUPACTIONS «.NÜ Tt-F PnCCUtl OF THIS IKVFKSt 
HATHIX   i«ITH   THE   NOhMLmi)   <eNC   ÜKl>KK   iNTF HACT IHN   MAlklX 

DESCHIPTICN 
JCCHTS INPUT Nt^RFtJ CF MuAMCt CCJi^HONtNTS 
Bf    INPi;T NC^MAI IZkn PALANCfc KAlnlX 
C1I    OUTf-UT INVfwSE ►•«TWlX CF 1ST UKUth lMFW«rTlUNS 
C1IC2  OUTPUT P'VODIiCT OF C1I AM. ^NO OKOEH IKTFHAtllONS 

DIMEKSION C2(lüe) .«(btl) «C i (6,h) ^^■^«(^»^V) »Cl I (3ft) »CUC^(1^<,) 
MxJCMPTS 
Nr=M«(M*l)/2 
00 30  Jsl»M 
B(Jfl)>l«0 
DO 30  M1«M 
Cl (J*K)sRI'(J*K) 
CALL KATRIX(C1 tl»tt»r(»(".CtTeHK,in) 
L»0 
DO 40 Ksl,M 
00 40 J=ltM 
L=L*1 
C1I(L)«C1(J«K) 
L = 0 
Kl=^*l 
K?=P*NC 
00 50  K=K1.K2 
DO 50 JslfM 
L=L*1 
C?(L)=HK(v.K) 

CALL üM^xFA(ClI.cc»clIC^«M,^<,^c) 
RFTURK 
END 

FOKCE 

FOHCt 
FOKCE 
FOKCt 
FOHCE 
FOHCE 
FOKCt 
FOKCt 
FOKCE 
FOKCE 
FOKCE 
FOHCE 
FOKCt 
FOKCE 
FOKCt 
FOKCE 
FOKCt 
FOKCt 
FOKCE 
FOKCE 
FOKCt 

FOKCt 
FOKCt 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
r 
c 
c 
c 
c 
c 
c 

SUBHOUTINE ITEKA (THtL(«aOfP^SFN.ClI»ClICü«JCM|-TS»I I > AX. ACCUH . ItK) 

PUPPCSF 
KEDUCES   THE   CATA   TO  LOADS   hY   OSlM-   Tht   rtALANCE   MAThlX   AND 
ITtWATING 

DESCRIHTICN   OF   FA^AHFTtPS 
TH CHANNEL   KEAPINPS   IN   COUNTS 
LOAD        LOAD   COKPONtNTS   CCMHFICTED   FUK   INTEKACTIOMC 

(FORCE   ANO   NOftNT   UMTS) 
Cl! INVERSE   OF   N0f«>«ALI7Hl   1ST   OKDFK   iNTtKACTIONS 
C1IC2     PPOOUCT   OF   Til   ANC   NOKKALl/tl)   «'NO   Ohüt*   IMEKACT IONS 
JC^PTS   NUMPk'R   OF   FiALANCF   Cl^PONtNTS 
1TMAX      MAXIMLM    MJMHPH   V.f    TTtrlAIlONS 
ACCUR     SMALLEST   LOAÜ   UMT   THAT   CA^   1<E   wESOLVEU 
1ER ERROR   IMIICATOK   FCK   CON \<tK(-.t K'Ct 

IER   »   0      LOADS   rONVfcKGtC 
IEH   =    1      LOADS   dlC   FOT   tONvtKOt   HEF'dKE    I TKAX 
WAS   KEALrtEO 

FUKCt 
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APPENDIX C (CONT.) 

20 
• ••• 

5H 

5Q 
60 

eo 
50 

100 

105 
HO 
120 

C 
c 

130 

300 
400 

Mt AL   LU(6) «PMfSEMM tTMftUFHSOffe) ,K ( 3ft) »C 11( J6 ) »Cl IC«? (Ibi:) tLCAIKt   f-OKCE 
l).DtLTA(ft).ArCUP(fr).t^SI(^) FOKCt 

HsJCHPTS FOKCE 

N=M«(H*l)/2 FOHCE 
ÜP   20   I«l.JOPTS FOHCF 
LU(l)sPRHSFN(I)«Tt-(I) KOKCt 

C«LL   GHPXFA(C1I.LL .LOAP.H.M,i) 
L«0 fObCi 
ÜO   60      IMt* FUhCt 
EPSO(I)s0.0 FUKCt 
DO   60     J=I,M FOHCfc 
L=L*1 FüKCt 
IKd.Nt.d)   (U)   TC   b1* 
IF(L0»rMI))   ^»»^^.49 
P(L)=-LOAC(I)«LCAC(I) 
60   TC   bO 
P(L)=LOAD(I)«LOA()(J) 
CONTINUE 
IT=0 FOKCE 
DO 300 M=1»ITMAX FOHCE 
ITsIT*l FOHCt 
CALL RMPXFA (ClIC2»PtePSI»^^«l.    ) 
CALL RMS8F(EPSI»EPSU»OFLTA.M tOHCE 
CALL GMSHF(LOAD.DELTA.LCAfff) FOhCt 
L=0 FOKCE 

ÜO 105  I«!.»' FOHCt 
DO 10S  J»I«I» FOKCE 
L=L*1 FOHCE 
P(L)=LOAD(T)«LOAn(J) FOHCE 
CALL TF.STF (OFLTA.ACCUH.V.l^Vt) FOHCE 
IF(ICNVG) 400.130.4UU FOHCE 
ICNVG = 0  HAS NOT CONV^HGEl) FOHCE 
ICNVG=1  AIL PELTAS AkF LESE THAN ACClx FOHCE 
CALL GMfcQF(EPSI.tPSO.^) FOHCE 
IF (IT.FO.ITMAX) IfKl=l FOHCt 
CONTINUE FOHCE 
HETUfiN FOHCE 
F.Nl) FOHCE 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
r 

SLHHCUTINF    G^PXFA ( A.H.H»K.N.L) 

PUHPCSF 
KULIIPLir   TVO   faFNEWAL   HAThlCES   TO   FUKM   A 
HESÜLTANT   Gt^eHAL   MATHlx 

DtStHIHTICM OF   FAhAMETEWS 
A INPl.T FIHS1   MATHIX   ^A^'fc 
H INPLT SECCNC   MAThU   NAMt 
H OUTPUT   KATHI)"   NAcE 
M IKPLT NLMHFH   OF   HC«»S   IN   MAfhl*   A   OH   H 
N INPLT NLMPEhi   OF   CCLU^S   IN   ß   AKI-   HOwS   IN 
L INPLT NLMPth   OF   COLUMNS   IN   KATHIA   b   OP   H 

MfcTHOn 
Thf   f 
ti   AND 

er   N   MATMX   A 
THE   RESULT   IS 

IS   HCSTrtULTIPLltÜ   hY   TME   N   HY 
STOHEU   IN   THE   f   BY   L   MATRIX   B, 

L   MATHIX 
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APPENDIX C (OONT.) 
C    REFERENCE 
C       NASA TK 0-6860 
C 

DIMENSION A(l)«e(l>«R(l) 
IR'O 
IK«-N 
00 30  KsltL 
IK>IK*N 
00 20  Jsl.H 
IH«IR*1 
JI«J-H 
IP»IK 
R(IH)«0. 
00 10  I=1»N 
JI»dI*M 
IBsIR«! 

11 R(IR)«N(Ifi)«A(JI)*H(IB) 
10 CONTINUE 
20 CONTINUE 
30 CONTINUE 

RETURN 
ENÜ 

SUBROUTINE GMSHF(A.B.H.VN) 
C 
C     PURPOSE 
C        SUBTRACT OKE CitNFHAL MATRIX KRCM ANOTHtR TO FORM 
C        A RESULTANT GFKEWAL fATPIX 
C 
C     DESCRIPTION OF PARAMETERS 
C        A  INPLT NAME CF FIRST MATRIX 
C        B      INPLT NAME CF SECCNO MATRIX 
C        H  OUTPUT VATRIX NAME 
C        MN INPUT NUMPER OF ELEMENTS IN MATKU A» H. OR R 
C 
C     METHOD 
C        EACH ELFMENT ÜF MATWIX p IS SltiThACTEU FROM THF_ 
C        CORRESPONDING ELEMENT OF MATHIX A AND THE RESULT IS 
C        PLACED IN THE CORRF.SPOND INC. LLEMtNT UF MATKIX H 
C 
C    REFERENCE 
C        NASA IN O-thtO 
C 

DIMENSION A(l) »F(l ) »Hd ) 
DO 10  IJ=ltMN 
R(IJ»«A(IvJ)-B(Iv) 

10 CONTINUE 
RFTUHN 
END 

SUBROUTINE TESTF(A,H»yN»LF ) 
C 
C     PURPOSE 
C        TEST THE APSCLUTF VALUE OF EACh ELFMEN1 OF MATHIX A TO 
C        DETERMINE IF IT IS LESS THAN OR KJUAL TO ThE 
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AffENOIX C (OONT.) 
C        CORRESPONDING ELtHENT OF MATH1X b 
C 
C     DESCRIPTICN OF FABAMFTEBS 
C        A  INPLT FIRST HATfcl* NACE 
C        B  JNPLT SFCCNC MATRIX NAMh 
C        MN INPLT MJHPEK OF ELEMtKTS IN MThlX A CH H 
C        LE OUTPUT COfPAHISOK OF KATRICES A ANÜ B 
C 
C     MFTHOO 
C        IF ABSOLUTE VALUE OF A(IJ) IS LESS THAN CM EQU«L TO 
C        B(IJ> FOR ALL IJ * It 2 CN THEN LE * 1 
C       OTHERWISE« LE » 0. 
C 
C    REFERENCE 
C        NASA TN 0-6860 
C 

DIMENSION AU).B(l) 
LFrO 
DO 1Ü  iJsIfMN 
IF<A6S(A(IJ))-B(IJ)) 10«lUteO 

10 CONTINUE 
LE'l 

20 RFTUBK 
END 

SUbHOLTINE GHEGIF (A.R.I-N) 
C 
C     PURPOSE 
C        EÜUATE ONE GENERAL »»MPIX TO ANOTHtW btNEHAL MATRIX 
C 
C     OESCRIPTICN OF PAKAMtTtHS 
C        A  INPLT KATPIX NAwE 
C        R  OUTPUT MATRIX NAft 
C        MN INPLT NLMPE« OF ELEMENTS IN MATKIX A CH H 
C 
C     METHOD 
C        EACH ELEMENT OF MATHIX H IS SET hUUZ-L TO ThE 
C        CORRESPONDING ELEMENT Oe MATHIX A 
C 
C     REFERENCE 
C        NASA TN (J-6860 
C 

DIMENSION A (1 ) .Ml) 
DO 10  IJsl«MN 
R(lJ)sA(Ic) 

10 CONTINUE 
HFTUHN 
END 
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